Alcaligenes faecalis is a gram-negative soil bacterium which can also be a human pathogen. It utilizes organic acids and amino acids in preference to common carbohydrates. It is also able to metabolize certain aromatic amine compounds for use as a carbon source. This class of compounds includes 3-phenylethylamines in which the phenyl ring may be hydroxylated, as in tyramine and dopamine. Tyramine, a decarboxylation product of tyrosine, is found in various animals and microorganisms and in putrefied tissue. The catabolism of aromatic amines in many bacteria is initiated by oxidative deamination of the amine by a monoamine oxidase (30) . Alternatively, A. faecalis performs oxidative deamination of aromatic amines using a dehydrogenase. This enzyme, called aromatic amine dehydrogenase (AADH), was originally isolated and characterized by Iwaki et al. (20) . Their efforts yielded a highly purified form of the enzyme and a preliminary determination (MADH) (13, 15) .
Much effort has been directed towards understanding the structure of MADH and its prosthetic group, which is now known to be tryptophan tryptophylquinone (TTQ) (Fig. 1) . TTQ is formed by posttranslational modification of two geneencoded tryptophan residues (5) , which leads to a covalent attachment between the indole rings of the two tryptophan residues and oxidation of one indole ring to an o-quinone (26) . This structure has been confirmed by X-ray crystallography (3) . TTQ in three different MADHs has been analyzed by resonance Raman spectroscopy (1, 25) . This has resulted in the assignment of many structural features of the chromophore to specific peaks in the resonance Raman spectrum and the characterization of TTQ. addition, this paper presents a detailed analysis of the physical properties and kinetics of AADH for comparison with MADH. We find that the subunit molecular weights and extinction coefficient of AADH differ from those reported previously (20) . The correct determination of the properties of AADH and characterization of the similarities and differences between AADH and MADH are important steps in understanding the role of TTQ in enzyme catalysis and electron transfer.
MATERIALS AND METHODS

Materials.
A. faecalis IFO 14479 was purchased from the Institute for Fermentation in Osaka, Japan. All reagents were purchased from Sigma Chemical Company.
Methods. (i) Bacterial growth. A. faecalis was grown in the medium described by Iwaki et al. (20) with 0.15% f-phenylethylamine as a carbon source.
(ii) Protein purification. Cell extracts of A. faecalis which were used as a source of AADH were prepared by sonication. Approximately 90 g (wet weight) of cells was processed for the purification, which is described in Table 1 . The cell extract was fractionated between 35 and 85% ammonium sulfate. The precipitate from the ammonium sulfate fractionation was dialyzed against 10 mM potassium phosphate, pH 7.5, and applied to a Whatman DE52 cellulose column (25 by 5 cm) which had been equilibrated in the dialysis buffer. The column was eluted with a linear gradient of 0 to 250 mM NaCl in 10 mM potassium phosphate, pH 7.5. Fractions containing AADH eluted at approximately 200 mM NaCl. These fractions were pooled, concentrated by ultrafiltration, and applied to an AcA 34 (Spectrum) gel filtration column (120 by 7.5 cm). The column was eluted with 50 mM potassium phosphate, pH 7.5. Fractions containing the purified protein were pooled, concentrated, and stored frozen in 10% ethylene glycol for future use. Protein concentrations were determined by the method of Bradford (2) with bovine serum albumin as a standard. MADH from Paracoccus denitrificans was purified as described previously (8) .
(iii) Subunit separation and reconstitution. To effect the complete denaturation of the enzyme, purified AADH was incubated for 48 h at room temperature in 50 mM potassium phosphate buffer, pH 6.9, which contained 6 M guanidine hydrochloride. The subunits were separated by gel filtration on a Sephadex G-100 column equilibrated with 50 mM potassium phosphate buffer, pH 6.9, containing 0.5 M guanidine hydrochloride.
(iv) Enzyme assay. AADH activity was measured by the same method as that used to assay MADH (8) with the exception of the use of tyramine as the substrate amine. Assays were performed with either phenazine methosulfate or phenazine ethosulfate as the immediate electron acceptor.
(v) Spectroscopic techniques. Absorption spectra were recorded with a Milton Roy 3000 diode array spectrophotometer. To achieve anaerobic conditions, the cuvette was connected by a Firestone rapid purge valve (Ace Glass, Vineland, N.J.) to a vacuum pump and a source of oxygen-free argon. By use of the valve, it was possible to alternate cycles of evacuation and flushing of the cuvette with argon. Such cycling was repeated for approximately 25 min prior to each assay, which was performed under an argon atmosphere. Raman spectra were recorded on a Jarrell-Ash 25-300 spectrometer (1). Samples were frozen onto the cold tip of a helium refrigerator (Displex Air Products), maintained at 15 K, and illuminated in a 1500 backscattering geometry with a Spectra-Physics 164 argon ion laser.
(vi) Electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to Laemmli (23 
where cr is the concentration of the enzyme at a given radial position, cm is the concentration of the enzyme at some reference position, for example, at the meniscus, M is the molecular weight, v is the partial specific volume, p is the solvent density, w is the angular velocity, r is the radial position in centimeters from the center of rotation, rm is the distance in centimeters from the center of rotation to the meniscus, R is the gas constant, T is the absolute temperature in kelvins, and B is a correction term for a nonzero baseline. A partial specific volume of 0.73 ml/g was assumed, and solvent density was determined pycnometrically. Data for two different loading concentrations were analyzed simultaneously as a test for homogeneity (35) and to constrain confidence intervals for the parameter values (21) .
(ix) Sequencing procedure. Polypeptides of AADH were prepared for sequencing by a modification of previously described protocols (28, 29) . SDS-PAGE was prepared according to Laemmli (23) , except that the stacking gel was omitted and wells were formed in the separating gel. After equilibration at room temperature for 12 h, the gels were prerun with Laemmli standard running buffer with the addition of 0.1 mM thioglycolate. AADH (20 ,ug) was loaded into each well, and electrophoresis was performed with fresh buffer. Prior to transfer onto an Immobilon-P (Millipore) polyvinylidene difluoride membrane, the gels were incubated for 15 min in the transfer buffer, which contained 12 mM Tris, 96 mM glycine, 10% methanol, and 0.5 mM dithiothreitol. Transfer of the polypeptides onto a membrane was performed with a wet transfer apparatus (Bio-Rad) at 100 V at 5°C for at least 12 h. This procedure resulted in transfer of approximately 50% of the large subunit and 100% of the small subunit. Glycine was removed from the membranes by washing with distilled water. The bands corresponding to the two subunits of AADH were cut out of the membrane, dried, and sequenced in an AB1476A protein sequencer (Applied Biosystems) at the microchemical facility at the California Institute of Technology. Since it was determined that the N terminus of the large subunit was blocked, sequencing was also performed on 100 ,ug of the holoenzyme bound by filtration directly onto an Immobilon-P membrane.
(x) Hybridization studies. The chromosomal DNA of A. faecalis was isolated according to the procedure of Marmur and Doty (24) and digested with BamHI, PstI, HindIII, and BstYI. The resulting digests were analyzed by electrophoresis on a 0.7% agarose gel. The probe used for hybridization was a DNA fragment from the plasmid pAYC152.1 (6) that contains the mauA gene, which encodes the MADH small subunit, and a portion of the mauD gene of Methylobacterium extorquens AML. The probe was labeled with a random-primed labeling kit as suggested by the manufacturer (Boehringer Mannheim). The hybridization was performed in dried gels at 45°C (27) , and washing was done at the same temperature in 0.5 x SSC (1 x SSC is 0.15 M NaCl in 0.015 M sodium citrate) and 0.1% SDS. A BamHI digest of chromosomal DNA from M. extorquens AM1 was used as a positive control.
RESULTS
Purification of AADH. The purification reported here (Table 1) is simpler than that which was reported previously (20, 32) . The previous protocol also included chromatography steps over Bio-Gel A l5m and hydroxyapatite and a final crystallization step, which have been omitted. The procedure reported here results in a comparable yield of enzyme with a significantly higher specific activity than that previously reported (9.11 ,umol/min/mg of protein) (20 (34) , which indicated the presence of a covalently bound quinone on this subunit (data not shown).
AADH was previously reported to possess subunits of molecular weight of 46,000 and 8,000 (20) . The validity of our molecular weights is supported by comparing AADH with a sample of MADH from P. denitnfifcans (17) , which has subunit molecular weights of 46,700 and 15,500 (Fig. 2) . It and small subunits onto a polyvinylidene difluoride membrane (separated by SDS-PAGE) and after adsorption of the AADH holoenzyme onto a polyvinylidene difluoride membrane. Both experiments gave the same sequence: Ala-Gly-Gly-Gly-GlySer-Ser-Ser-Gly-Ala-Asp-His-Ile-Ile-Leu-(Asn)-(Pro). This Nterminal amino acid sequence of AADH exhibits no homology at all with the known sequences of the N termini of known small subunits of MADHs (9, 19) .
Hybridization studies. The absence of substantial sequence homology between the small subunits of MADH and AADH was corroborated by hybridization experiments in which digests of the A. faecalis chromosome were hybridized with a DNA fragment carrying the mauA gene, which codes for the small subunit of MADH from M. extorquens AM1 (6) , as a probe. No hybridization between the probe and A. faecalis DNA was observed, whereas a high level of hybridization between the probe and M. extorquens AM1 DNA in control experiments was observed (data not shown).
Absorption spectra. The visible absorption spectrum of the fully oxidized form of AADH exhibited a peak centered at 456 nm and significant absorbance between 500 and 800 nm. Titration of this enzyme with tyramine proceeded directly from the fully oxidized to the fully reduced species (Fig. 4) . Addition of substoichiometric amounts of tyramine to AADH caused a reduction of A456, an increase in A327, and a progressive reduction of absorbance beyond 500 nm. An isosbestic point was maintained at 365 nm, and absorbance changes were linear throughout the titration (Fig. 4) . The maximum change in absorbance caused by the addition of each increment of tyramine occurred very rapidly. The fully reduced form of AADH was somewhat susceptible to reoxidation under aerobic conditions. Approximately 50% reoxidation of the tyraminereduced enzyme was observed after 3 h, and complete reoxidation occurred after 20 h. A quantitative anaerobic titration of AADH with tyramine yielded an extinction coefficient (Table 2) which is significantly higher than that which was previously reported (20, 32) . This may be explained by the susceptibility of reduced AADH to oxidation. If the reductive titration is not performed under strict anaerobic conditions, some reoxidation will occur and an excess of a stoichiometric amount of tyramine will be required to achieve full reduction of the enzyme. This would result in an underestimation of the experimentally determined extinction coefficient. The complete anaerobic titration of AADH consumed 2.1 mol of tyramine per mol of enzyme. These data are consistent with the presence of 2 mol of TTQ per mol of enzyme.
Whereas the titration of AADH with tyramine proceeded directly from the oxidized quinone to reduced quinol, the semiquinone could be generated by addition of one molar equivalent of dithionite per quinone prosthetic group (Fig. 5) . The transition from the fully oxidized enzyme to the semiquinone was characterized by a significant increase in absorbance of the major peak and concomitant shift to an absorbance maximum at 433 nm (Fig. 5) . Addition of a second molar equivalent of dithionite resulted in formation of the fully reduced enzyme. The final spectrum obtained from the tyramine titration was very similar to that obtained in the dithionite titration except that the absorption maximum for the dithionite-reduced enzyme was at 332 nm compared with 327 nm in substrate-reduced AADH.
As stated above, reduced AADH was somewhat susceptible to reoxidation by air. Complete reoxidation of the reduced enzyme could be achieved within a few hours by addition of ferricyanide. An oxidative titration of the reduced enzyme with ferricyanide gave results which were consistent with those observed in the reductive titration of the oxidized enzyme with tyramine. The molar extinction coefficients, calculated from the data obtained during these titrations, at selected wavelengths for each of the three redox states of the enzyme are given in Table 2 . Comparison with the values for P. denitrificans MADH (Table 2) shows that there are strong spectral similarities for all three redox forms. These results indicate that AADH also contains the TTQ cofactor.
Resonance Raman spectra. Excitation of AADH at its 456-nm absorption maximum led to a resonance Raman spectrum with a large number of vibrational modes between 900 and 1,700 cm-1 (Fig. 6B) . The frequencies and intensities were remarkably similar to those reported previously for MADH (Fig. 6A) (20) . This has been confirmed in the present study, and it has further been shown that the inhibition by these compounds, as well as by hydrazine and aminoguanidine, is due to an irreversible inactivation of AADH. These five carbonyl reagents have been shown previously to also irreversibly inactivate MADH (11) . Two other compounds, isonicotinic acid hydrazide (isoniazid) and isonicotinic acid 2-isopropyl hydrazide (iproniazid), were also tested as possible inhibitors of AADH. Each of these compounds reversibly inhibited AADH. Steady-state kinetic analyses of the inhibition by isoniazid and iproniazid indicated that the inhibition was noncompetitive. prosthetic group as MADH. This has been further verified by observing closely similar resonance Raman spectral patterns for the hydroxylamine adducts of AADH and MADH (7) . In view of the presence of the same cofactor in both enzymes, special attention has been given to a comparison of their physical and kinetic properties. The subunit molecular weights of AADH are similar to, but distinctly different from, those reported for the quinoprotein MADH. The weight of the large subunit is smaller than that of the corresponding subunit of any MADH, and the weight of the small subunit is larger than that of the corresponding subunit of any MADH. The small subunit of AADH stains positively in the redox cycling assay for covalently bound quinones, as does the small subunit of MADH. The small subunits of MADHs from diverse bacterial sources are highly conserved and exhibit strong sequence homology (9) and immunological cross-reactivity (12 (22, 33) . With MADH, inactivation occurred by direct reaction with TTQ and apparent formation of a hydrazone adduct (11) . AADH was also inhibited by iproniazid, another monoamine oxidase inhibitor. Monoamine oxidase is irreversibly inactivated by iproniazid by a mechanism which is not clear but may first involve conversion of iproniazid to isopropylhydrazine (37) . In contrast, inhibition of AADH was reversible and apparently noncompetitive. Similar inhibition with a structurally similar compound, the antitubercular drug isoniazid, was observed. Isoniazid and iproniazid caused perturbation of the absorption spectrum, indicating that the binding of these inhibitors affects the cofactor or its environment. Although these inhibitors have structures similar to that of tyramine, enzyme kinetic measurements suggest that they are noncompetitive inhibitors and perhaps may not bind at the substrate binding site. The basis for the similarities in the mechanism of inhibition of AADH and monoamine oxidase by these compounds remains to be elucidated and may provide information on the general mechanism of the oxidation of biogenic amines by these diverse enzymes.
MADHs from two bacterial sources have been crystallized. 
